oscillations in activated T cells.
Introduction
The specific binding of antigen and associated major histocompatibility proteins by the T-cell receptor complex initiates the activation of T lymphocytes in vivo. The activation process comprises a spectrum of cellular changes: the receptor for interleukin-2 is expressed, helper T cells are stimulated to synthesize and secrete lymphokines, cytotoxic T cells acquire the ability to kill foreign target cells, and T cells of all classes progress from Go through the cell cycle, eventually undergoing DNA replication and mitosis. Some or all of these cellular changes can be induced in vitro by treatment with phorbol esters together with antibodies that crosslink selected surface glycoproteins, such as the T-cell receptor, CD3, and CD2 molecules, or with mitogenic lectins such as phytohemagglutinin (PHA)' or concanavalin A (for reviews, see MacDonald and Nabholz, 1986; Weiss and Imboden, 1987) .
Among the earliest activation events in many cell types, including lymphocytes, are the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) and a rise in the level of cytosolic free Ca21 (Berridge and Irvine, 1984) . The cytosolic free calcium ([Ca2+] ) rise is believed to be an important triggering signal for T-cell activation, based on several lines of indirect evidence. First, many polyclonal T-cell activators, as well as specific antigens, evoke a rise in [Ca2+] i (Tsien et al., 1982; Nisbet-Brown et al., 1985; Imboden and Stobo, 1985; Oettgen et a!., 1985; Treves et a!., 1987) . In these cases, blocking the rise pharmacologically or by removing extracellular Ca21 inhibits proliferation and other activation events (Whitney and Sutherland, 1972; M. Weiss etal., 1984; Gelfand et a!., 1986) . In addition, artificial elevation of intracellular [Ca2+] using ionophores, in the presence of phorbol esters to activate protein kinase C, bypasses the involvement of cell-surface receptors and activates T cells (Mastro and Smith, 1983; Truneh et a!., 1985) .
Measurements of [Ca2+] , in single cells using the Ca2+-sensitive dye fura-2 (Grynkiewicz et a!., 1985) or the photoprotein aequorin have revealed several surprising features of intracellular Ca2+ dynamics previously undetectable in cell suspensions; e.g., activation of a range of cells, including cytotoxic T lymphocytes (Gray et a!., 1988) , B lymphocytes (Wilson et a!., 1987) , mast cells R.S. Lewis et a/. (Neher and Almers, 1986) , hepatocytes (Woods et al., 1987) , vascular endothelial cells (Jacob et al., 1988) , and oocytes (Cuthbertson and Cobbold, 1985; Miyazaki etal., 1986 ) elicits repetitive
[Ca2+]i oscillations (for review, see Berridge etal., 1988) . The mechanisms underlying these oscillations have not yet been firmly established, but are believed to involve the repetitive release and reuptake of Ca2" from intracellular storage sites such as the endoplasmic reticulum, with Ca2" influx across the plasma membrane serving only to replenish the stores (Woods et al., 1987; Berridge et al., 1988; Payne et a/., 1988) . While inositol 1,4,5-trisphosphate (OP3) is known to release Ca2" from internal stores (Streb et al., 1983; Imboden and Stobo, 1985; , and specific IP3 receptors have been purified (Supattapone et al., 1988) (Kuno et a/., 1986; Kuno and Gardner, 1987 (Lewis and Cahalan, 1989 Figure 1A , bottom trace). The average response has both a "transient" and "sustained" phase, much like the population response of Jurkat cell suspensions (Imboden and Stobo, 1985 (Lewis and Cahalan, 1989 (Ishida and Chused, 1988) . As noted previously by others (Gelfand et al., 1984; Oettgen et al., 1985) by a failure to detect voltage-dependent Ca2+ conductance using patch-clamp methods (Fukushima et al., 1984; Matteson and Deutsch, 1984; Cahalan et al., 1985) . The Figure 3A ) and may be explained by depolarization reducing the electrical driving force for Ca2" entry. Figure  4 . Voltage-gated K+ channels, activated by depolarization, produce the large positive current transients in Figure 4A (DeCoursey et al., 1984; Matteson and Deutsch, 1984; Fukushima et al., 1984; Cahalan et al., 1985) . In addition, a small inward current develops at a membrane potential of -80 mV, as indicated by the dashed line. The time course of this current parallels that of the [Ca2]i rise; this characteristic and other properties described below identify it as a selective Ca2l current which is responsible for the spontaneous rise in cytosolic [Ca2+] . Interestingly, the Ca2+ current often developed during whole-cell recordings without a detectable increase in current noise, implying a very small unitary conductance for the Ca2+ transport mechanism. A third conductance, detectable as a small outward current at -40 mV, results from Ca2+-dependent K+ channels activated by the increase in [Ca2+] (Grissmer and Cahalan, 1989; Schlichter and Mahaut-Smith, 1989 ; R. Lewis, S. Grissmer, and M. Cahalan, unpublished observations). At its reversal potential of -80 mV, however, the Ca2+-activated K+ current is absent and thus does not interfere with measurement of the Ca2+ current.
In experiments like that shown in Figure 4 , performed with pipette (internal) solutions of low Ca2"-buffering strength (100 uM fura-2 being the only Ca2' buffer present), the peak inward Ca2+ current tended to be quite small, -2.8 ± 1.9 pA (mean ± SD) measured at -80 mV (n = 7 cells). In most experiments, 10 mM EGTA was included in the pipette solution. In addition to prolonging the Ca2+ current, intracellular EGTA enhanced its amplitude to an average of -6.6 ± 3.2 pA (mean ± SD, n = 20 cells) and prevented activation of the Ca2+-activated K+ current by clamping [Ca21] to a low value, thereby facilitating characterization of the Ca21 current. The augmentation of Ca21 current by intracellular Ca2' buffering is consistent with previous reports (Kuno and Gardner, 1987; MacDougall et al., 1988) and our own indirect observations (Figure 28) (Figures 5-7) . With physiological concentrations of intra-and extracellular ions, the current is inwardly directed at potentials as positive as -30 mV ( Figure 6 ); because the equilibrium potential for K+ and Cl-is -95 mV under these conditions, this result indicates negligible permeability to these ions. In the experiment shown in Figure 5 , intracellular Cs' and extracellular tetrodotoxin were used to block current through voltage-gated K+ and Na+ channels, respectively, thus isolating the Ca2l current. Under these conditions, the current is inward at potentials as positive as +20 mV, and does not reverse sign at potentials up to +100 mV. The inward Ca2+ current declines as the membrane potential is made more positive, indicating that, unlike the Ca2+ channels of excitable cells, the T cell's Ca2+ transporter is not activated by depolarization. Prolonged depolarization also does not inhibit the conductance; instead, the decrease in Ca2+ -1:
-10 Voltage stimuli were delivered and currents recorded as in Figure 5 , but with a pipette solution containing K aspartate.
(A) Dependence of inward current on extracellular Ca2". Figure 3A ).
To establish more firmly the physiological function of this current, however, requires a test of whether it can be induced by PHA. Clearly, this point cannot be addressed with conventional whole-cell recording methods, as the current appears spontaneously in the absence of mitogen, presumably due to dialysis of the cell cytoplasm by the pipette contents during whole-cell recording. The following section describes experiments using a variation of the whole-cell recording technique that demonstrate activation of the Ca2l conductance by PHA.
PHA activates an oscillatory Ca2" current during perforated-patch recording To prevent disruption of the cytosol during recording, we applied the perforated-patch technique using recording pipettes filled with a solution containing nystatin, a pore-forming antibiotic (Horn and Marty, 1988) . After formation of the pipette-membrane seal, nystatin spontaneously inserts into the patch beneath the pipette lumen. The resulting nystatin channels provide the necessary electrical connection between the pipette and the cell's interior, without permitting loss of intracellular constituents such as divalent cations and organic molecules.
In (Hesketh et al., 1985; Imboden and Stobo, 1985; June et al., 1986) , and anti-Ig treatment of B lymphocytes (Bijsterbosch et al., 1986) . Activation of platelets (Hallam and Rink, 1985) , hepatocytes (Williamson et al., 1985) , and parotid gland cells (Merritt and Rink, 1987 (Gelfand et al., 1984) and HPB-ALL tumor T cells (Oettgen et al., 1985) . Millimolar levels of Ni2+, similar to those we found to block
Ca2" flux in Jurkat cells, block agonist-induced Ca2" influx in nonexcitable cells such as platelets (Hallam and Rink, 1985; Zschauer et al., 1988) , mast cells (Matthews et al., 1989) , and parotid acinar cells (Merritt and Rink, 1987 current does not develop if the pipette is merely sealed to the cell membrane without rupturing the underlying patch. It is possible that an inhibitory intracellular constituent is lost by diffusion into the pipette during whole-cell recording; alternatively, intracellular dialysis may interact with internal messenger systems or alter homeostatic processes in such a way as to activate the conductance. In perforated-patch experiments, in which the cytosol is relatively unperturbed, development of the Ca21 current requires PHA treatment (Figure 8 ). The properties of the PHAactivated conductance suggest that it is identical to the conductance appearing spontaneously during whole-cell recording.
The Ca21 current described in this paper is most likely not related to mitogen-activated currents reported previously in T cells and T-cell lines (Kuno et al., 1986; Kuno and Gardner, 1987; Gardner et al., 1989) . The whole-cell currents of the earlier studies were comparatively large (-30 to -130 pA at -50 mV), rather nonselective (reversing sign at -+20 mV in the presence of external 110 mM BaCI2 and internal 160 mM CsCI), and were blocked reversibly by 1-5 mM Cd2+. Although the Ca2+ current we observe is similar in terms of sensitivity to Cd2 , it differs significantly in its high Ca2+ selectivity, as indicated by the following characteristics. First, it is inwardly directed under physiological ionic conditions, does not reverse direction at potentials as positive as + 100 mV, and is highly dependent on extracellular Ca21 (Figure 6 ). Most importantly, the high Ca2+-selectivity of the conductance we observe is reflected in its ability to increase [Ca2+] , in unbuffered cells to micromolar levels while conducting a current on the order of 1 pA, over 100 times less current than reported by Gardner et al. (1989) . We often observe the slow activation of whole-cell Ca2+ current without a detectable increase in current noise, making it unlikely that the current reflects activity of the 7-pS, Ca2+-permeable channels reported previously (Kuno et al., 1986; Kuno and Gardner, 1987; Gardner etal., 1989) , which would be expected to produce readily discernible current fluctuations as a result of random opening and closing events. This discrepancy could be explained if the channels' unitary conductance is much reduced in 2 mM Ca2+ (our extracellular recording conditions) as compared to 110 mM Ba2+ (conditions of the previous studies), although single-channel properties were reported to be similar under both conditions (Kuno and Gardner, 1987) . The apparent lack of current noise accompanying activation of the Ca2l current has several possible implications for the molecular identity of the transport mechanism. If the transporter is an ion channel, then it must have an extremely small unitary conductance (<1 pS) or exceedingly brief openings, such that opening and closing events are undetectable at the recording bandwidth of 2 kHz. Alternatively, the transporter could represent an electrogenic ion pump or exchange mechanism. Although we cannot distinguish among these possibilities at present, the transport mechanism is not likely to be Na+/Ca2+ exchange, as hyperpolarization increases Ca21 influx ( Figure  4B ), and substitution of choline or tetramethylammonium for extracellular Na+ does not inhibit
[Ca2+]i oscillations or abolish the current.
A variety of direct and indirect evidence suggests the presence of a second-messenger-operated, voltage-insensitive Ca2l conductance in other types of cells, including mast cells (Kanner and Metzger, 1984; Penner et a!., 1988) , B lymphocytes (MacDougall et al., 1988) , neutrophils (von Tscharner eta!., 1986), platelets (Hallam and Rink, 1985; Zschauer et al., 1988) , and lacrimal gland cells (Llano et a!., 1987) . Whole-cell recording of rat peritoneal mast cells has revealed an agonist-triggered ionic current that bears a close resemblance to the current we observe in T cells (Penner et a/., 1988; Matthews et a!., 1989) . Mast cell agonists like 48/80 or substance P evoke a slowly developing inward current of -1 pA amplitude highly correlated in time with an increase in [Ca2+] i. The conductance is Ca2+-selective, blocked by 5 mM Ni2+, is voltage insensitive, and develops without a measurable increase in current noise (Matthews et al., 1989) (Woods et al., 1987) and endothelial cells (Jacob et al., 1988). [Ca2]i transients may provide a means of triggering effector pathways while avoiding the cell damage that would result from tonic elevation of [Ca2+]i (Berridge et al., 1988) .
Data available at present do not directly address these possibilities in T cells; regardless of their physiological significance, however, oscillations offer a sensitive assay for probing the positive and negative feedback processes that regulate Ca2" signaling.
All of the oscillation models proposed to date rely upon repetitive release and reuptake of Ca2" from intracellular stores (Woods et al., 1987; Payne et al., 1988; Berridge et al., 1988) . Regulatory feedback in these models occurs at the level of PIP2 hydrolysis (Woods et al., 1987; or Ca2' release from intracellular organelles (Berridge et al., 1988; Payne et al., 1988) . The assumed role of Ca2+ influx is to help refill the internal stores, although the exact mechanism by which this occurs remains somewhat obscure. A causative role for intracellular Ca2' release in generating oscillations is indicated directly by the persistence of oscillations for a few cycles after removal of extracellular Ca21 from activated mast cells (Neher and Almers, 1986) , B lymphocytes (Wilson et al., 1987) , endothelial cells (Jacob et a/., 1988) , and smooth-muscle-derived BC3H-1 cells (Ambler et a!., 1988) , and by the insensitivity of oscillations to membrane depolarization in endothelial cells (Jacob et a!., 1988 Figure 3A ) and reduction of Ca2" current ( Figure 5) (Jacob et al., 1988) . It is also conceivable that during the sustained phase of the [Ca2+]i rise, intracellular stores are physically connected to the plasma membrane, as proposed by Putney (1 986). If this were the case, oscillations could result from a repetitive release process, and removal of extracellular Ca21 could terminate the oscillations immediately by rapidly depleting the stores. According to such a model, our measurements of Ca21 current would represent influx from the extracellular medium directly through internal storage compartments to the cytosol. Regardless of the precise relationship between Ca2+ influx and internal release, the Ca2+ current appears to play a central role in the generation of Ca2+ oscillations in Jurkat T cells, and will serve as a focal point for further investigation of Ca2+ signaling mechanisms in activated T cells.
Methods

Cells
Jurkat E6-1 cells were maintained in a culture medium of RPMI 1640 supplemented with 1 mM glutamine and 10% heat-inactivated fetal bovine serum, in a humidified, 5% CO2 atmosphere at 370C. Cells growing in log phase at a density of 0.4-1.8 x 106/ml were used in experiments.
Solutions
In most experiments, cells were bathed in normal Ringer solution, containing (in mM) 160 NaCI, 4 where K*, Rmgn, and Rma, were determined from in vivo dye calibration as described below. Optical filters were purchased from Omega Optical (Brattleboro, VT). All experiments were conducted at 22-260C.
Fura-21patch-clamp experiments
Recording electrodes were pulled from Accu-fill 90 Micropets (Becton, Dickinson & Co., Parsippany, NJ), coated with Sylgard (Dow Corning Corp., Midland, Ml) near their tips and fire-polished. Pipettes had resistances of 2-7 MQ when filled with K aspartate internal solution (see below). Voltage-clamp experiments were performed using one of two whole-cell recording configurations. For standard whole-cell recording (Hamill et al., 1981; Cahalan et al., 1985) patch pipettes contained (in mM) 160 K aspartate, 2 MgCI2, 10 HEPES, 0.1 fura-2, and 10 K2 EGTA, adjusted to pH 7.2 with KOH. Cs aspartate internal solution was prepared in the same way, replacing K+ with Cs'. In some experiments, EGTA was omitted from the pipette solution to minimize effects on resting [Ca2+]i or the endogenous buffering capacity of the cell. Under these conditions, free [Ca2+] in the pipette was 20 nM, measured using fura-2 as described previously (Grynkiewicz et al., 1 985) . Perforatedpatch experiments (Horn and Marty, 1988) were conducted with a pipette solution containing (in mM) 55 KCI, 70 K2SO4, 7 MgCI2, 5 D-glucose, and 10 K-HEPES (pH 7.2), with 200 Ag/ml nystatin (Sigma Chemical Co., St. Louis, MO). In all experiments, an Axopatch 1 B (Axon Instruments) patch-clamp amplifier was used in the voltage-clamp mode, and the output was filtered at 2 kHz with an 8-pole Bessel filter (Frequency Devices, Haverhill, MA). Stimulation and recording was done with a PDP computer and interface (Indec Systems, Sunnyvale, CA). In voltage-ramp experiments, the holding potential was -60 mV; ramp data were corrected for linear leakage and capacitive current recorded between -80 and -40 mV immediately after break-in and were filtered off-line at 300 Hz using a digital Gaussian filter algorithm. Command voltage was corrected for liquid junction potentials between pipette and bath in whole-cell and perforated-patch experiments (-13 and -10 mV, respectively).
Jurkat cells, loaded with fura-2 as described above, were illuminated using a Zeiss 1 00-W Hg arc lamp (attenuated 200-fold) and 350-and 385-nm interference filters (bandwidths = 10 nm). Emitted fluorescence at 500 nm (100-nm bandwidth) was collected through a pinhole equal to the cell diameter, with a photomultiplier tube (Model 647-04, Hamamatsu) and photon-counting photometer (Model 126, Pacific Instruments, Concord, CA). A 63X oil-immersion lens was used (Zeiss Neofluar, N.A. 1.25). To avoid dye bleaching, an electronic shutter restricted the illumination to a 50-ms period every 1-2 s. Photomultiplier output was sampled and processed online using the patch-clamp interface described above.
Calibration of cellular fura-2 signals
Attempts to calibrate cellular fura-2 signals using fura-2 in free solution (K aspartate solution with either 10 mM EGTA or 10 mM CaCI2) yielded inaccurate results, often producing estimates of cellular [Ca21] , less than zero. This problem results from changes in the properties of fura-2 brought about by the intracellular environment (Almers and Neher, 1985; Malgaroli et al., 1987; Konishi et al., 1988) . Therefore, all calibrations were performed with dye-loaded cells according to the patchpipette method of Almers and Neher (1985) . Cells were loaded with fura-2/AM as described above, then plated onto coverslips treated with poly-D-lysine (0.2-0.5 mg/ml; Sigma). Rmin was measured as the R value following break-in with a pipette solution of K aspartate and 10 mM EGTA. RmrX was determined as the R value after break-in with K aspartate and 10 mM CaCI2 or as the R value of intact cells incubated in 5 AM ionomycin and Ringer solution containing 10 mM CaCI2. K* was determined after break-in with a K aspartate solution containing 30 mM EGTA and 180 nM free Ca2+.
